Summary. Immature Wistar rats were induced to ovulate by treatment with PMSG and hCG. Control animals ovulated 43\m=.\5\ m=+-\0\m=.\36 ova/rat. Intraperitoneal injection of rotenone doses of 0\m=.\125,0\m=.\25 and 0\m=.\50mg/kg reduced the ovulation rate to 24\m=.\0\ m=+-\ 3\m=.\08, 8\m=.\0\ m=+-\ 0\m=.\88and 1\m=.\5\ m=+-\ 0\m=.\44 ova/rat, respectively. The rotenone significantly reduced ovarian cytochrome oxidase activity and progesterone production, but not production of oestradiol or testosterone. Thyroxine treatment at a dose of 5 mg/kg s.c. reversed the rotenone inhibition of ovulation. The results suggest that an increase in mitochondrial respiration is an essential feature of the ovulation process in mammals.
Introduction
There are reports of an increase in the size and number of mitochondria in the granulosa cells of mammalian ovarian follicles which have been stimulated by an ovulatory dose of gonadotrophin (Bjersing & Cajander, 1974; Mori et al, 1979) . There is also evidence that gonadotrophins induce an increase in cytochrome oxidase activity in rabbit granulosa cells (Koshida et al, 1984) . Together, this information suggests that an elevation in mitochondrial oxidation in granulosa cells may be an important aspect of the ovulation process.
The objective of the present study was to determine whether an increase in cytochrome oxidase activity in ovarian follicles is essential for ovulation.
Materials and Methods
Animals. Wistar rats were purchased from a commercial breeding company (Shimizu Experimental Animal Co., Kyoto, Japan). These immature females (21 days of age) were exposed to a 14-h daily light period which began at 07:00 h. The animals received food and water ad libitum. At 09:00 h on Day 24 of age, the animals were given an i.p. injection of 10 i.u. PMSG (Teikokuhormone Mfg. Co. Ltd, Tokyo, Japan) in 0-1 ml saline (9 g NaCl/1). (Smith, 1955) , which measured the rate of oxidation of reduced cytochrome c by aliquants of the ovarian extract. The rate of oxidation of reduced cytochrome c is determined by measuring spectrophotometrically the decrease in absorbance at 550 nm as the reduced cytochrome c is oxidized, since the peak of the -band of the absorption spectrum of reduced cytochrome c is at 550 nm. The 
Results

Effect of rotenone on ovulation
Administration of rotenone at the same time as hCG in doses of 0125, 0-25 and 0-5 mg/kg, resulted in inhibition of ovulation that was proportional to the dose of rotenone (Table 1 ). The maximum dose of 0-5 mg rotenone/kg blocked ovulation almost completely. Effect of rotenone on ovarian cytochrome oxidase activity Cytochrome oxidase activity increased significantly within 3 h after hCG ( Table 2 ). The most activity was measured at 6 h after hCG, when it was 2-6-fold greater than the control level. In parallel groups of animals which recieved 0-5 mg rotenone/kg, the cytochrome oxidase activity was significantly reduced.
Effect of rotenone on plasma concentrations of ovarian steroids
By 4 h after hCG, there was a 5-fold increase in progesterone, and values remained significantly elevated at 9 h after hCG (Table 3) . Concentrations of oestradiol and testosterone were essentially unchanged, or slightly lower, at 4 and 9 h after hCG. The increase in progesterone at these times was suppressed if 0-5 mg rotenone/kg was administered at the same time as hCG.
Reversal of rotenone-blocked ovulation by thyroxine
Thyroxine treatment (5 mg/kg) completely reversed the inhibitory effect of rotenone on ovula¬ tion (Table 4) . On the other hand, progesterone at a dose of 4 mg/kg did not alter the blockage of ovulation by rotenone.
Discussion
The present biochemical measurement of an increase in ovarian cytochrome oxidase activity is in agreement with our previous histochemical detection of an increase in cytochrome oxidase and succinate dehydrogenase in rabbit granulosa cells at 3 h after hCG stimulation of ovulation (Koshida et al, 1984) . Together, these data support the hypothesis that an elevation in mito¬ chondrial oxidation within the granulosa layer of ovulatory follicles is an important part of the ovulatory process.
The rotenone which we tested is well known as a potent inhibitor of mitochondrial respiration (Oberg, 1961) . This agent reportedly acts within the respiratory sequence at the electron transfer step between diphosphopyridine nucleotide and flavin (Lindahl & Öberg, 1961) . Therefore, we anticipated that the administration of rotenone to PMSG/hCG-treated immature rats would decrease mitochondrial oxidation and energy production in preovulatory follicles. This expectation was verified by the measurable decrease in ovarian cytochrome oxidase and ovulation after rotenone treatment. Experiments with rabbits (unpublished) showed that rotenone still inhibited hCG-induced ovulation even when the hCG was given through the ear vein, indicating that the simultaneous administration of hCG and rotenone by the same route in the present experiments with rats was unlikely to lead to blocking of the ability of hCG to induce ovulation. Thyroxine increases oxygen consumption and calorigenesis in animal tissues (Barker & Klitgaard, 1952) . This metabolic effect is due to its stimulation of mitochondrial oxidation (Hoch, 1962) . We therefore administered thyroxine to see whether it could reverse the rotenone blockage of ovulation. Its positive action is presumably the result of stimulation of the citric acid cycle in the granulosa layer of the follicle. In any event, the results suggest that normal thyroid metabolism may be important for ovulation. This deduction is supported indirectly by evidence that thyroidectomy inhibits ovulation in rabbits (Thorsoe, 1962) and that hypothyroidic women suffer oligomenorrhoea and anovulation (Ingbar, 1985) .
The results of this study show that rotenone inhibited progesterone synthesis in ovulatory follicles. This suggests that ovarian steroidogenesis is also dependent on mitochondrial respiration. The conversion of cholesterol into progestagens is proportional to the concentration of NADH generated by the citric acid cycle (Uzgiris et al, 1971) . Therefore, the depression of progesterone production by rotenone could be due to interference with the generation of NADH by the citric acid cycle, and, ultimately, to a reduction in the synthesis of ATP. We believe that these energetic agents may contribute to the neosynthesis of steroidogenic enzymes, since we have histological evidence which shows that rotenone suppresses an hCG-induced increase in 3ß-hydroxysteroid dehydrogenase activity in the granulosa layer of mature rabbit follicles (Koshida et al, 1986) .
The failure of progesterone treatment to reverse the rotenone blockage of ovulation could be interpreted to mean that progesterone is not an essential factor in the ovulatory process. However, there is circumstantial evidence to suggest that progesterone is involved in some way in ovulation.
For example, the administration of antiprogesterone to PMSG/hCG-treated immature rats has been shown to inhibit ovulation, and this inhibition could be reversed by treating the animals with progesterone (Mori et al, 1977) . Therefore, it may be that the rotenone-induced suppression of mitochondrial respiration in the follicles is interfering with some other important metabolic events within the ovulation process which occur subsequent to steroidogenesis, and therefore which cannot be restored simply by progesterone treatment.
Ultimately, the ovulation process leads to degradation of the collagenous connective tissue in the wall of a Graafian follicle (Espey, 1967; Okamura et al, 1980) . This collagen degradation is thought to be due to de-no vo synthesis and/or activation of proteolytic enzymes (Espey, 1974; Fukumoto et al, 1981) . Therefore, it may be that rotenone also suppresses the activity of this enzyme. Rotenone inhibits the preovulatory increase in ovarian proteolytic activity and subsequent degradation of mature follicles in hCG-stimulated rabbits (unpublished observations).
These findings suggest that an elevation in mitochondrial respiration in preovulatory follicles is an indispensable aspect of ovarian steroid synthesis and ovulation.
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